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Context. We study the magnetic properties of small-scale transients in coronal holes and a few in the quiet Sun identified in X-ray 
observations in paper II and analysed in spectroscopic data in paper III. 

Aims. We aim to investigate the role of small-scale transients in the evolution of the magnetic field in an equatorial coronal hole. 
Methods. Two sets of observations of an equatorial coronal hole and another two in quiet-Sun regions were analysed using longitudinal 
magnetograms taken by the Solar Optical Telescope. An automatic feature tracking program, SWAMIS, was used to identify and track 
the magnetic features. Each event was then visually analysed in detail. 

Results. In both coronal holes and quiet-Sun regions, all brightening events are associated with bipolar regions and caused by magnetic 
flux emergence followed by cancellation with the pre-existing and/or newly emerging magnetic flux. In the coronal hole, 19 of 22 
events have a single stable polarity which does not change its position in time. In eleven cases this is the dominant polarity. The 
dominant flux of the coronal hole form the largest concentration of magnetic flux in terms of size while the opposite polarity is 
distributed in small concentrations. We found that in the coronal hole the number of magnetic elements of the dominant polarity 
Q is four times higher than the non-dominant one. The supergranulation configuration appears to preserve its general shape during 

approximately nine hours of observations although the large concentrations (the dominant polarity) in the network did evolve and/or 
were slightly displaced, and their strength either increased or decreased. The emission fluctuations/radiance oscillations seen in the 
X-ray bright points are associated with reoccurring magnetic cancellation in the footpoints. Unique observations of an X-ray jet reveal 
similar magnetic behaviour in the footpoints, i.e. cancellation of the opposite polarity magnetic flux. We found that the magnetic flux 
cancellation rate during the jet is much higher than in bright points. Not all magnetic cancellations result in an X-ray enhancement, 
suggesting that there is a threshold of the amount of magnetic flux involved in a cancellation above which brightening would occur at 
X-ray temperatures. 

Conclusions. Our study demonstrates that the magnetic flux in coronal holes is continuously 'recycled' through magnetic reconnection 
JiT ■ which is responsible for the formation of numerous small-scale transient events. The open magnetic flux forming the coronal-hole 

' phenomenon is largely involved in these transient features. The question on whether this open flux is transported as a result of the 

, formation and evolution of these transient events, however, still remains open. 

\ Key words. Sun: corona - Sun: chromosphere - Sun: evolution - magnetic fields - Methods: observational 

O; 

CN ■ 1. Introduction properties of all the events which were identified in paper II 

' , , , ,_ TT . . , , , . having simultaneous spectral observations taken with the EIS 

• Coronal holes CHs) are regions on the Sun where the emis- (Extreme . ultraviolet Imaging Spectrometer) and SUMER (Solar 

sion of coronal lines is significantly reduced. CHs were found to ultraviolet Measurements of Emitted Radiation) instruments 

X ^ * e T" S0Urce r f g u°f f 1 6 / aSt S ° 3r ( ^ ieg l r 6t u onboard Hinode and SoHO, respectively. By studying tens of 
£ 1973) while corona hole boundaries are believed to be the events> ^ authors found ^ eyents in ^ CHs and iet . Sun 

regions where the slow solar wind originates. We first stud- Jons reached similaf t atures and electron densitieS) but 

led the small-scale evolution of CHs and their boundaries us- eyents Jn CHs and ^ boundaries presented higher dynamics 

l ZLT c n !f oscopic observations from SUMER (Madjarska et al. than eyents Jn ^ kt Sm Back d in f ormation on coro . 

2004). This was followed by three studies. The first one in- ^ holes and an overyiew Qn ^ fesults of ^ published 

vestigated dynamic phenomena at the coronal hole boundaries earlier are iyen Jn Madjarska et al (2012) and the references 

(CHBs) using TRACE (The Transition Region And Coronal therein) These studies showed ^ ^ bri hteni events in . 

Explorer) and EIT (Extreme-ultraviolet Imaging Telescope) on- dudi coronal M h( ^ (Bps) and . ^ associated with 

board SoHO (Madjarska & Wiegelmann 2009 hereafter paper ^ smaU . scale dynamics of CHBs . 
I). The second study by Subramanian et al. (2010, hereafter 

paper II) automatically identified X-ray transient brightenings Coronal BPs are omnipresent in both CHs and the quiet 

in CHs and the quiet-Sun regions in observations from XRT Sun - The y were first identified in soft X-rays (Vaiana et al. 

(The X-Ray Telescope) onboard the Hinode satellite. Next, 197 °) and analysed in detail during the Skylab mission 

Madjarska etal. (2012, hereafter paper III) analysed the plasma (Golub et al. 1976a,b; Habbal 1992, and references therein). 

They are small (on average 20 // -30 // ) and short-lived (from 

Send offprint requests to: zhu@arm.ac.uk a few minutes to a few tens of hours) emission enhanced 
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Table 1. Description of the observations used in this study. 



Date 


Observing period 


Cadence (seconds) 


Observed 


SOT FOV size 




(UT) 


XRT observations SOT magnetograms 


region 




2007-Nov-09 


06:38 -> 14:59 


40 90 


Coronal hole 


261" x 148" 


2007-Nov-12 


01:21 -> 10:57 


40 90 


Coronal hole 


261"xl48" 


2009-Jan-10 


11:30 ^ 16:59 


60 45 


Quiet Sun 


46" x 148" 


2009-Jan-13 


11:22 ^ 17:34 


60 45 


Quiet Sun 


46" x 148" 




-200 -100 100 -200 -100 100 

X foresees) X foresees") 



Fig. 1. Generated X-ray images (see the text in Section 2.2) of an equatorial CH on 2007 November 9 (top left) and November 
12 (top right), the quiet Sun 2009 January 10 (bottom left) and January 13 (bottom right). The images are shown with an inverted 
colour table. The SOT/Hinode field-of- views are marked as rectangles (straight solid lines). Features within the dashed-line boxes 
are the events studied in this paper. For the two CH datasets shown in the top panel, the black solid contour plot outlines the coronal 
hole boundary as seen at the beginning of each observing period. 



structures observed in the solar corona (Webb et al. 1993, and 
references therein). They can also be observed in the EUV 
wavelength bands (Habbal & Withbroe 1981; Zhang et al. 2001, 
etc.). BPs represent small-scale loop structures first seen in an 
unique sequence of high-resolution Naval Research Laboratory 
(NRL) Skylab spectroheliograms with a spatial resolution of 
2"(Sheeley & Golub 1979). Sheeley & Golub (1979) found that 
BPs consist of two or three miniature loops (2 500 km in diam- 



eter and 12000 km long) evolving on a time scale of 6 min. 
Habbal et al. (1990) confirmed this result showing that simulta- 
neously measured peaks of emission in six different lines (emit- 
ted from the chromosphere to the corona) were not always co- 
spatial, implying that the BPs are composed of small-scale loops 
at different temperatures. The fine structure of BPs consisting 
of numerous loops was later confirmed by the high-resolution 
TRACE and now by XRT/Hinode and AIA/SDO observations. 
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Fig. 2. Full field-of-view of the SOT longitudinal magnetograms 
of the coronal hole analysed in this study. Overplotted with 
dashed lines are the FOVs of the events identified in X-rays, 
which are shown in the top panels of Fig. 1. 



Studies of BPs have shown variations in their radi- 
ance lightcurves (Moore et al. 1977; Sheeley & Golub 1979; 
Habbal & Withbroe 1981, etc.). Madjarska et al. (2003) found 
six minutes radiance variations in SUMER transition region 
observations of a coronal BP. Ugarte-Urra et al. (2004a) de- 
rived intensity oscillations with time scales of 420-650 s while 
later Ugarte-Urra et al. (2004b) reported oscillations with peri- 
ods ranging from 600 s to 1100 s. These oscillations were in- 
terpreted as an indicator of global magnetic-acoustic modes of 
the closed magnetic structures associated with BPs. Although 
oscillations with periods of a few minutes is more commonly 
known, longer periods were also found by Tian et al. (2008). The 
reason for these oscillations is still under debate. Parker (1988) 
suggested they are repetitive small-scale flares, i.e. micro- flares. 
Tian et al. (2008) suggested magneto-acoustic waves and/or a re- 
currence of magnetic reconnection. Ugarte-Urra et al. (2004b) 
found that there is a one to one relation between the magnetic 
flux in the bipolarity and the EIT 195 A coronal emission during 
the growing and decaying phase for the two BPs studied. The 
authors concluded that their results give further support to the 
idea that magnetic reconnection involving the interaction of two 
magnetic polarities as the more likely operating mechanism. 

Regarding magnetic fields, BPs are found to be associ- 
ated with small bipolar regions (Krieger et al. 1971; Golub et al. 
1977; Webb et al. 1993; Brown et al. 2001). With the Big Bear 
Solar Observatory (BBSO) magnetograms, Webb et al. (1993) 
investigated the correspondence of evolving magnetic features 
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Fig. 3. Full field-of-view of the SOT longitudinal magnetograms 
of the quiet Sun analysed in this study. Overplotted with dashed 
lines are the FOVs of the events identified in X-rays, which are 
shown in the bottom panels of Fig. 1 . 



of 25 X-ray BPs. They found 22 BPs associated with converg- 
ing of the magnetic features, while 1 8 were associated with can- 
celling magnetic features. They also found the BPs were more 
likely associated with pre-existing magnetic features rather than 
newly emerging ones. From higher resolution observations dur- 
ing the Yohkoh mission, Harvey et al. (1994) further demon- 
strated that most BPs were associated with magnetic cancella- 
tion. Pres & Phillips (1999) found that the time evolution of 
several BPs observed by EIT 195 A images was strongly cor- 
related with the variation of magnetic flux as determined from 
MDI photospheric magnetograms. By studying a BP observed in 
EIT 195 A together with its MDI photospheric magnetograms, 
Madjarska et al. (2003) confirmed such a correlation. They also 
found that the BP existed until the complete cancellation of 
one of the polarities from the corresponding bipolar region. 
Ugarte-Urra et al. (2004a) also observed a linear dependence be- 
tween the EIT 195 A intensity flux from a BP and the total mag- 
netic flux of a photospheric bipolar region. They found that the 
increase of the coronal emission associated with a BP was linked 
to the emergence of a new magnetic field and the disappearance 
of coronal emission was associated with the cancellation of one 
of the polarities. In one of the cases, the disappearance in EUV 
emission took place three to four hours before the full cancella- 
tion of the weakest polarity. 

As reviewed above, BPs are associated with magnetic can- 
cellation which exhibits as magnetic flux disappearance in pho- 
tospheric observations. What actually happens during the dis- 
appearance of the magnetic flux? Zwaan (1987) suggested a 
few possibilities. One way is a simple submergence, when a 
pre-existing loop descends into the convection zone. Another 
scenario requires magnetic reconnection either above or be- 
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Fig. 4. Magnetic flux distribution of the CH (top left November 9, right November 12) and quiet-Sun (bottom left January 10, right 
January 13) magnetic elements detected by SWAMIS. 
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Fig. 5. Fractional number of pixels with negative longitudinal 
magnetic field for each day of the observations. 



low the photosphere, which is named reconnection submer- 
gence. The reconnection submergence was discussed in detail 
by van Ballegooijen & Martens (1989). They pointed out that a 
certain distance between the two opposite polarities was required 
for this type of cancellation to happen. From simultaneous mea- 
surements of the magnetic field in the photosphere and chromo- 
sphere Harvey et al. (1999) concluded that the magnetic flux "is 
retracting below the surface for most, if not all, of the cancel- 
lation sites studied". Furthermore, Priest et al. (1994) developed 
a model of BPs based on converging motions of magnetic fea- 
tures which can trigger magnetic reconnection and thereby ener- 
gize a BP. The model was further developed in three-dimensions 
by Parnell et al. (1994) and tested by two-dimensional numeri- 
cal experiments by von Rekowski et al. (2006a,b). In the model 
of Priest et al. (1994), (called Converging Flux Model), a cer- 
tain interaction distance is also required to start the reconnection 
and then energize the BP. Evidence of this model was provided 
by Madjarskaet al. (2003) who found that the BP appeared in 
EUV only when two opposite polarities were 10" apart. A pos- 
sible evidence of magnetic reconnection in BPs was also con- 
firmed by magnetic field reconfigurations (Perez- Suarez et al. 
2008; Alexander et al. 201 1; Zhang et al. 2012). 
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Fig. 6. Temporal evolution of a CH bright point seen in X-ray on November 9 (event No. 1). The images are displayed in reversed 
colour table. The field-of-view size is 30"x30". An animated version is available online, c.f. Fig. A.l. 



X-ray jets are dynamic phenomena which represent col- 
limated plasma flows from coronal BPs (see paper II, III, 
Wangetal. 1998; Doscheketal. 2010). They were first dis- 
covered in soft X-rays by Shibataetal. (1992) and are 
mostly associated with mixed polarity regions (Shimojo et al. 
1998). Magnetic reconnection is believed to be the main 
mechanism of their formation (Yokoyama & Shibata 1995; 
Moreno-Insertis et al. 2008). A more detailed introduction on X- 
ray jets can be seen in paper III and the references therein. 

As a continuation of papers I, II, and III and based on the 
brightenings identifications in paper II, we focus here on the 
emergence, evolution and disappearance of magnetic flux as- 
sociated with transient brightenings responsible for the small- 
scale evolution of coronal holes. A comparison with only a few 
events in the quiet Sun is also provided. Such a detailed study 
of the magnetic field of small-scale transients in the solar atmo- 
sphere is unprecedented thanks to the high- sensitivity, cadence 
and resolution of the SOT/Hinode data which has been pivotal 
for achieving the aim of our study. In Section 2, we describe the 



observations used in this study and the methods used in the data 
calibration and analysis. In Section 3, we present the results. Our 
discussion and conclusions are given in Section 4. 



2. Observations and analysis 

2.1. Data and calibrations 

The observations used in this study were taken by XRT (X-Ray 
Telescope, Golub et al. 2007) and SOT (Solar Optical Telescope, 
Tsuneta et al. 2008) onboard Hinode. They include four datasets. 
Two of them were taken in November 2007 pointing at an equa- 
torial coronal hole, and another two were taken in January 2009 
in a quiet-Sun region. In Table 1 we list all details of the obser- 
vations. 

The XRT observations were taken with the ALPoly filter 
whose temperature response function peaks around 8xl0 6 K. 
The pixel size of the X-ray images is l"xl". The standard pro- 
cedures from the solar software (SSW) were used for the data 
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Fig. 7. Longitudinal magnetic field images of the CH bright point shown in Fig. 6. The field of view is the same as in Fig. 6, and 
the images are scaled from -70 Mx cm -2 to +70 Mx cm" 2 . Whenever the magnetic cancellations are observed, the site is outlined 
by a black circle on the corresponding image. The circle is adjusted as precisely as possible to include only the involved magnetic 
features. A white arrow points at an emerging magnetic element. The field-of-view has a size of 30"x30". An animated version is 
available online, c.f. Fig. A.l. 



reduction. The observations were carefully examined and any 
frames which were seriously affected by cosmic rays or instru- 
mental effects were then excluded. In addition to the jitter cor- 
rection, the images were further cross-correlated for the removal 
of the residual jitter. 

The SOT observations used in this study include two types 
of data, series of Stokes V and I polarimetric images taken with 
the Narrowband Filter Imager (NFI) and Stokes I, Q, U, V po- 
larimetric spectra obtained with the Spectro-polarimeter (SP). 
The NFI filtergrams (FG) V and I images were taken in the 
Na i 5896 A spectral line which measures the magnetic field in 
the chromosphere (Ichimoto et al. 2008). The pixel size of the 
magnetograms is 0. 16"x0. 16". Each SP scan took about 20 min- 
utes to obtain. The SP images have a pixel size of 0.32 // x0.32 // . 
The standard software available from SSW was used to cali- 
brate the data. Some of the V/I magnetograms which were badly 



affected by cosmic rays were not included. The time series of 
Stokes V/I magnetograms were further corrected for the jitter ef- 
fect via a cross-correlation method. After this correction a region 
of 50 pixels (i.e. 8") at each edge of the original field-of-view 
was discarded. 

To convert the V/I values into physical units, we adopted 
a method which was applied by Chae et al. (2007) to 
Fe I 6302.5 A. In this method, the magnetic strength (B) is 
assumed to be linear to V/I, i.e. B = J3j. Although Chae et al. 
(2007) mentioned that J3 would vary with magnetic strength, they 
also suggested that it is a good approximation to assume it as a 
constant in a region with similar solar activity. To obtain the best 
linear fit, we used a slightly different formula, B = J3j + Bo, 
where J3 and Bo are constants. We produced the longitudinal 
magnetogram from the SP scan with the standard method in- 
structed by the SOT analysis guide. We then averaged the FG 
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Fig. 8. Lightcurves (top: X-ray radiance; middle: positive mag- 
netic flux; bottom: negative magnetic flux) of a CH bright point 
that is marked as No. 1 event on November 9 in Fig. 1. The 
lightcurves are extracted from the FOV shown in Figs. 6, and 
7. The time (x) axis is shown in unit of UT. For better scaling the 
peak of the X-ray lightcurve is cut off and resumes from below in 
red line. The dash-doted-lines in the middle and bottom panels 
are linear fits of the corresponding magnetic flux from 10:00 UT 
to 14:00 UT. 



V/I images obtained during this scan. Next, we re-binned the FG 
data to the same spatial scale as the SP magnetogram and co- 
aligned them. Finally, we applied a linear fit to the distribution 
of the SP longitudinal magnetic strength versus the FG V/I val- 
ues to get the calibration parameters of f3 and Bo. The resulting 
values of the magnetic field can carry an error of up to 30%. To 
correct the light-of- sight effect, the longitudinal magnetograms 
are then divided by cosine of the offset to the solar disk centre 
angle at each pixel (for details see Hagenaar 2001). 

In order to co-align the X-ray images with the chromo- 
spheric magnetograms, TRACE 171 A and 1700 A observa- 
tions were used as intermediary. First we calibrated the TRACE 
data with trace .prep. pro which automatically aligns the obser- 
vations of the two TRACE channels. We then co-aligned the X- 
ray images with the TRACE 171 A images and the SOT magne- 
tograms with the TRACE 1700 A data. EIS Hen 256.32 A and 



Fe xn 195.12 A observations were also used to check the good- 
- 5500 ness f co-alignment. 



2.2. Analysis methods 

After the data calibration and alignment, the brightening events 
identified in paper II (in X-ray data) were overlay ed on the SOT 
magnetograms. Further, a visual inspection was made to unsure 
which polarities are involved in an individual event. This was 
especially needed when a few events occurred close to each 
other. In Fig. 1 we show the X-ray images with each analysed 
event numbered and shown in dashed-line-boxed regions. The 
X-ray images in this figure were generated by taking for each 
pixel the highest value obtained during the time intervals given 
in Table 1 . We identified 22 events in the coronal hole datasets 
and six events in the quiet-Sun datasets as shown in Fig. 1. 

To follow the evolving magnetic features, the feature track- 
ing software, SWAMIS (The South West Automatic Magnetic 
Identification Suite, DeForest et al. 2007; Lamb et al. 2008, 
2010) was used in the present study. SWAMIS can be freely 
downloaded from http : //www . boulder . swri . edu/swamis. 
The tracking procedures include feature detection, feature iden- 
tification, feature association, tabulation and event classification. 
The details on the procedures and a user guide of the software 
can be found on the website. Gaps in the datasets can seriously 
mislead the tracking program, therefore, a linear interpolation 
was applied to fill these gaps. In SWAMIS, a low and a high 
threshold have to be assigned for the feature detection. For each 
dataset, five sigma of the magnetic field strength of all pixels 
from each magnetogram were used as the high threshold. In or- 
der to detect weak magnetic elements, we randomly selected 100 
pixels in each data set which we determined as 'weak'. The av- 
erage magnetic strength of these pixels was determined to be 
25 Mx cm" 2 . Thus we used 25 Mx cm" 2 as the low threshold. 
To detect a flux concentration (named hereafter 'magnetic ele- 
ment'), a method called 'downhill' was used in the feature iden- 
tification. The 'downhill' method determines first a local maxi- 
mum of magnetic flux density and then expands down towards 
zero gradient of flux density which is defined as the edge of one 
magnetic element and its size. The magnetic element is then fol- 
lowed until it disappears or merges with another element, which 
determines its lifetime. The minimum size and lifetime of ele- 
ments to be detected was set to four pixels (i.e. 0.64"x0.64") 
and three frames (i.e. 270 seconds for the CHs data and 135 
seconds for the QS data). A new magnetic element can be born 
from splitting of the old magnetic element, or a flux emergence. 
SWAMIS defines a magnetic element that was born associated 
with a recently-born opposite magnetic element or with a grow- 
ing opposite magnetic element as flux emergence. In our online 
material, we marked all magnetic elements on the magnetograms 
with symbols (flux emergence with squares, and the other new 
born magnetic elements with asterisks). However, these defini- 
tions do not always work as expected because of the very com- 
plex behaviour of magnetic features. Feature tracking is a very 
complex procedure and no automatic program can deal with 
it precisely (Parnell, C. E., private communication), therefore, 
it has to be complemented by visual analysis. Each event was 
tracked by mean of the naked eye by simultaneously viewing of 
X-ray image and the corresponding magnetogram. All important 
changes were noted and organised in tables (see Table A. 1 as an 
example). 1 



1 All the movies, together with the notes are provided as online ma- 
terials at www.arm.ac.uk/highlights/2012/603/bpmag.html. 
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Fig. 9. As Fig. 6, but for a CH bright point observed on November 12 (marked as No. 2 event in Fig. 1). The field-of-view has a size 
of 50"x50". An animated version is available online, c.f. Fig. A. 2. 



3. Results 



3.1. Magnetic field distribution in the coronal hole and the 
quiet Sun 



We present in Figs. 2 and 3 the full SOT field-of-view (FOV) im- 
ages of the coronal hole and the quiet- Sun regions respectively. 
A visual inspection of Fig. 2 reveals that the dominant flux in the 
coronal hole is of negative polarity which also forms the largest 
concentration of magnetic flux in terms of size. To compare the 
distribution of positive and negative fluxes in both regions, we 
calculated the average flux for each magnetic element (see in 
Sect. 2.2 the definition of a magnetic element) over its lifetime. 
In Fig. 4 we show the derived flux distribution for the four days 
of observations. In the CH the number of magnetic elements 
with negative flux is more than four times higher with respect to 
the positive flux elements. Both distributions peak at the same 
flux strength which is around 3-4 x 10 16 Mx, compared with 
2 x 10 16 Mx in the quiet Sun. In the quiet Sun the number of 
magnetic elements is the same for both the negative and the pos- 
itive flux. The small flux imbalance, especially on January 13, 
is due to the limited field-of-view. The fractional distribution of 
pixels with negative magnetic field can be found in Fig. 5. Again, 
the prevalence of a single polarity in the CH is very clear. The 
CH magnetic fields reach up to 600 Mx cm -2 while the quiet Sun 
contains magnetic field concentrations only up to 400 Mx cm" 2 . 
Almost 100% of the highest values of the magnetic field in the 
coronal hole are found in pixels occupied by the dominant polar- 
ity. It should also be noted that the fractional distribution of pos- 
itive and negative polarities in the coronal hole did not change 
over a three day period which separates the two coronal hole 
datasets. A flux stronger than 100 Mx cm" 2 remains imbalanced 
in the quiet- Sun regions because of the small field-of- views. 



3.2. X-ray intensity variations and magnetic field evolution of 
brightening events in coronal holes 

With SWAMIS, we were able to follow the magnetic elements 
from their birth to death, studying their behaviour including 
emergence, convergence, splitting, mergence and cancellation. 
All events in the coronal hole resulted from the interaction of 
bipolar magnetic regions. From 22 brightening events, seven 
were seen in the X-ray images at the start of the observations 
while 12 appeared during the observations but their correspond- 
ing bipolar regions were already present at the beginning of the 
observations. Three events were formed during the observations 
together with the formation of their corresponding bipolar re- 
gion. In most of the cases (19 out of 22), one of the polarities 
forms a 'stable' centre (which can be a single large polarity or a 
group of closely scattered small polarities). The stable polarity 
remains in the same place and in only a few cases when the cen- 
tral polarity exists for more than a few hours, it may move a few 
arcseconds usually approaching the opposite polarity. The stable 
polarity tends to be the stronger polarity in the bipolar region. In 
eleven cases this is the negative polarity (i.e. dominant polarity 
in the coronal hole), in five cases it is the positive one, and in 
three cases it switches between polarities depending on which 
one is the strongest at a particular time remaining for hours each 
time. The remaining three cases are inconclusive. 

The evolution of the magnetic flux associated with a coronal 
transient brightening proceeds in a similar way for all events. 
All brightening events identified in the X-ray images are caused 
by magnetic flux emergence and a follow-up cancellation with 
the pre-existing and/or newly emerging magnetic flux. In some 
cases a magnetic flux (opposite to the stable magnetic element 
polarity) emerges close-by (a few arcsecs) from the stable po- 
larity. The emergence is followed shortly after (a few tens of 
seconds) by cancellation. The emerging element can also sur- 
face at a distance away (20" for instance) from the stable center. 
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Fig. 10. As Fig. 7, but for the bright point shown in Fig. 9. The magnetograms are scaled from -70 Mx cm" 2 to +70 Mx cm" 2 . 
The first two rows show the magnetic field evolution before the emergence of the brightening event. The white arrow points at an 
emerging magnetic element which later cancels. The white circles emphasise a bipolar region created by magnetic flux emergence, 
while the black circles emphasise the area when and where magnetic cancellation occurs. Dotted lines outline the area where the 
magnetic flux lightcurve (Fig. 11) was extracted from. An animated version is available as online material, c.f. Fig. A.2. 



The newly emerged polarity then starts moving towards the sta- 
ble centre often becoming larger with time by merging with a 
flux of the same sign. Once the magnetic polarities get close to 
each other and start cancelling, a brightening will appear in the 
X-ray image. However, from the visual analysis we established 
that there are many more magnetic cancellation sites than X-ray 
brightening events. We compared the magnetic flux (unsigned 
total) involved in magnetic cancellation while a brightening was 
observed in X-rays with the unsigned total magnetic flux when 
no X-ray brightening was present. We found that the magnetic 
flux involved in brightening events is twice larger than the cases 
without an X-ray response. We speculate that there is a threshold 
of the amount of magnetic flux involved in cancellation above 
which brightening would occur at X-ray temperatures. This sub- 
ject, however, needs further detailed investigation which will be 



tackled in future work. Magnetic flux emergence is also impor- 
tant in maintaining the field strength of a magnetic element dur- 
ing its cancellation. Flux cancellation and emergence are often 
seen to happen simultaneously at the same location. 

The X-ray/magnetic-flux correlation analysis demonstrates a 
strong correspondence of the magnetic positive and/or negative 
fluxes with the long-term (in the order of a few hours) changes 
in the X-ray emission (see the discussion in the following sub- 
section for more details). However, in some cases even changes 
as short as 1 hour can be observed (see the X-ray and positive 
flux variations in Fig. 11 for example). The radiance variations 
of isolated bright points in the coronal hole (5 cases) correlated 
with the magnetic flux changes in both polarities. In 50% of the 
cases (eleven) the radiance variations correlate ONLY with the 
positive flux, i.e. the subordinate polarity in the CH. In five out 
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Fig. 11. As Fig. 8, lightcurves of a CH bright point that is marked 
as No. 2 event on November 12 in Fig. 1. The X-ray lightcurve 
is extracted from the FOV shown in Fig. 9 and the magnetic flux 
variations are extracted from the region outlined by dotted lines 
in Fig. 10. 



of 22 cases the correlation in time follows either one or the other 
polarity. In one case a very strong jet was followed in X-rays 
together with the emergence, evolution and disappearance of the 
magnetic flux associated with it. 

Thanks to the very simple magnetic field configuration of the 
coronal hole (and in general any coronal hole) the evolution of 
each individual phenomenon can easily be analysed. In the fol- 
lowing subsections, we give a detailed and further description of 
three examples (two CH bright points and one X-ray jet). Note 
that in the online material we give the same full description (fig- 
ures, movies and tables) for each analysed event. 

3.2.1 . Magnetic evolutions of two CH bright points 

In Fig. 6 we give an example of the temporal evolution of a CH 
bright point on November 9 (event No. 1) as seen in X-rays. The 
temporal evolution of the magnetic polarities associated with 
this event is presented in Fig. 7. The corresponding lightcurves in 
X-rays, positive and negative magnetic flux are shown in Fig. 8. 
A detailed description of the BP evolution is given in Table A. 1. 
The intensity variation of the BP is apparent with peaks of the 




5 10 15 

Positive B flux (10 18 Mx) 



Fig. 12. Correlation analysis of the positive magnetic flux and 
the X-ray emission of event No. 2 on November 12. 



X-ray emission at 06:44 UT, 07:07 UT, 07:26 UT, 08:17 UT, 
09:44 UT, 10:10 UT, 10:43 UT and 14:52 UT, with an overall 
periodicity of -20 mins. The shape and projected size of the BP 
change in time as well. We give an example of an emerging mag- 
netic element (denoted by a white arrow in Fig. 7) which moves 
towards the pre-existed opposite polarity, causing magnetic can- 
cellation. The magnetic element emerges at 07:21 UT and affects 
the event around 10:10 UT which results in a strong X-ray emis- 
sion increase in this event (Fig. 6 at 10:09:57 UT, and in Fig. 8, 
the highest peak in the lightcurve). 

Radiance oscillations in BPs have been the subject of sev- 
eral studies in the past (see Section 1). They were interpreted 
as the signature of propagating waves though suggestions were 
also made that these emission spikes can be due to repetitive 
magnetic reconnection. The lightcurves of the negative and pos- 
itive magnetic fluxes derived here show similar fluctuations. The 
question is what is the origin of these small-scale variations of 
the magnetic flux? The lightcurves were smoothed with five data 
points to remove the short period variations. The five data points 
here correspond to 7.5 minutes (the cadence of our data is 1.5 
minutes). A visual inspection of event No. 1 on November 9 and 
all other events suggests that the magnetic flux lightcurve varia- 
tions are mostly due to emerging and cancelling magnetic fluxes. 

Event No. 2 on November 12 best describes the magnetic- 
flux/X-ray-emission correlation. In Fig. 9 we show the X-ray 
image sequence and in Fig. 10 the magnetogram sequence. The 
corresponding lightcurves are given in Fig. 11. The event first 
appeared in X-rays at 04:23 UT when a bipolar region was 
formed. The emergence of the positive magnetic elements in this 
bipolar region started at the beginning of the observations (i.e. 
01:21 UT). They emerged near a negative polarity and moved 
to another negative polarity to form the bipolar region. The neg- 
ative polarity is the stable one and was formed from both pre- 
existing and newly emerging magnetic flux. The X-ray emis- 
sion variations of the event have a period close to an hour. 
The positive flux strongly correlates with the X-ray emission 
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Fig. 13. As Fig. 6, but for an X-ray jet in a CH on November 9 (marked as No. 3 event in Fig. 1). The field-of-view has a size of 
43 // x75 // . The corresponding magnetograms of the area below the black dotted line are shown in Fig. 14. An animated version is 
available online, c.f. Fig. A. 3. 

(Fig. 12). The reoccurring positive magnetic flux cancellations in the online material (Fig. A.2). An example of a magnetic po- 
are associated with an intensity variation and can be followed larity emergence and then cancellation is denoted by an arrow 
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Fig. 14. Longitudinal magnetic field images of the X-ray jet shown in Fig. 13. The field-of-view corresponds to the area below the 
dotted lines in the X-ray images and has a size of 43 // x43 // . The magnetograms are scaled from -70 Mx cm" 2 to +70 Mx cm -2 . The 
black circles indicate the magnetic cancellation sites. The white arrow points at an emerging positive magnetic element. The black 
dotted lines outline the region where the magnetic flux lightcurves were extracted from. An animated version is available online, 
c.f. Fis.A.3. 



in Fig. 10. After emergence several small positive flux concen- 
trations merge together forming larger flux concentrations. The 
cancellation with the negative magnetic elements starts at around 
06:21 UT and the positive polarity disappears around 10:00 UT. 
This typical process can be summarised as: a single polarity 
emerging away from an opposite polarity magnetic element — > 
becomes stronger and moves away from the emerging site — > di- 
vides into a few elements, each of them becomes stronger and/or 
merges with other elements of the same sign^ moves towards 
the opposite sign flux and cancels with it. 



3.2.2. Magnetic flux evolution of an X-ray jet 

In our observations, an X-ray jet was observed in the CH on 
2007 November 9 (marked as No. 3 event in Fig. 1). The evo- 
lution of the jet in X-rays and its corresponding magnetic flux 
are shown in Fig. 13 and 14. The X-ray and magnetic flux 
lightcurves are given in Fig. 15. At the beginning of the obser- 
vations (06:38 UT) the region is very quiet, i.e. no X-ray emis- 
sion variations are observed. Around 07:17 UT a bright point 
emerges, showing fluctuations in its X-ray emission until around 
1 1 :30 UT. At 1 1 :44 UT a brightening in a few pixels is followed 
by growth of the bright point. At 11:55 UT, a loop structure, 
which could be the site projection of a sigmoid, is formed and 



starts rapidly expanding producing a jet around 11:58 UT. When 
the jet first forms, the brightening system (the loop and the jet) 
has an inverted- Y-shaped. Both the jet and the loop then be- 
come brighter. Around 12:01 UT, the loop appears O-shaped. 
Around 12:02 UT, the jet evolves into two bright branches. The 
brightening system reaches peak emission around 12:05 UT, and 
then becomes weaker, returning to a single branch again around 
12:07 UT. The jet disappears fully before 12:20 UT. Because of 
a data-gap between 12:08 UT and 12:20 UT, we could not fol- 
low the event during its weakening stage. A small bright point 
is still present when the observations resume at 12:20 UT. At 
12:36 UT the bright point cannot be seen in X-rays. It flares 
again at 13:10 UT, and produces a small short-lived (about two 
minutes) jet around 13:21 UT. Around 13:24 UT, a small bright 
point remains but is weak. The brightening system completely 
disappears in X-rays after 13:30 UT. 

Fig. 15 shows the variation of the magnetic flux in the foot- 
points of the jet. As often seen in bright points, the magnetic 
flux at the footpoints of the jet clearly decreases after its erup- 
tion. Fig. 14 displays the longitudinal magnetograms evolution 
of the region. At 06:38 UT, a bipolar region is already present. 
Around 07:17 UT when the bright point emerges, positive el- 
ements are moving closer to the negative elements and some 
weak elements disappear due to cancellation. During the bright 
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Fig. 15. Lightcurves of the X-ray jet marked as No. 3 event on 
November 9 in Fig. 1. The X-ray lightcurve (top) is extracted 
from the FOV shown in Fig. 13 and the magnetic flux lightcurves 
(positive - top and negative - bottom) are extracted from the 
region outlined by black dotted lines in Fig. 14. The time (x) axis 
is shown in units of UT. The peak of the X-ray lightcurve (top) 
is cut off and resume from below in red. The dash-doted-lines in 
the middle and bottom panels are linear fits of the corresponding 
magnetic flux from 10:50UT to 13:00 UT. 



point intensity fluctuations, the positive elements continue mov- 
ing towards the negative ones. The cancellation of the negative 
flux shown in the boxed region in Fig. 14 starts shortly before 
09:00 UT. After 09:00 UT the positive flux has also started to 
cancel, though additional positive flux emergence takes place be- 
fore 10:00 UT. It is followed by a rapid flux cancellation starting 
at 10:40 UT. Around 11:40 UT, positive elements are touching 
the negative ones. At this time the negative fragments are closely 
grouped together. Around 1 1:55 UT when the BP evolves into a 
sigmoid-like feature, a positive element inserts into the space 
between the two separate negative ones. When the jet starts (at 
around 11:58 UT), the magnetogram shows that the positive el- 
ement between two negative ones has become stronger and then 
starts to decrease. The positive element is very small and weak 
at 12:20 UT, it disappears at 12:37 UT. After the major jet, both 
negative and positive elements were more scattered and weaker, 
but the magnetic cancellation in the region continues. At around 



12:22 UT, a small positive element emerges, and it is highlighted 
1 500 by a white arrow after 12:37 UT in Fig. 14. The emerged element 

becomes stronger and moves towards the negative one. It touches 
1400 negative element and becomes smaller at around 13:21 UT 
1300 when the small jet is formed. It disappears at the same time as 

the brightening system seen in X-rays fully fades away. After 
1200 13:30 UT, there are no positive elements visible while the neg- 
1 1 oo ative elements in the region are much smaller than that at the 
1 000 beginning of the observation because of the cancellation. 



3.2.3. Magnetic flux cancellation rate of a BP and an X-ray jet 

We define the magnetic cancellation rate as where AF is 
the decrease of magnetic flux and AT is the time period of the 
decrease. In many cases the complex nature of the cancella- 
tion process does not allow us to calculate the cancellation rate. 
Fortunately, two events had a well isolated magnetic configura- 
tion which permitted such an estimation. This is the decaying 
stage of event No. 1 (bright point) on 9 November (see Fig. 6) 
which was observed from 10:00 UT to 14:00 UT. During this 
time the magnetic flux lightcurves (see Fig. 8) show a decrease 
after the largest flaring (see the peak in the X-ray light curve 
displayed in red). The X-ray jet discussed in Section 3.2.2 also 
has a clear magnetic structure (see Fig. 14) and shows a very 
clear decrease of the magnetic flux lightcurves around and af- 
ter the eruption (see Fig. 15 around 12:00 UT). In Figs. 8 and 
15, we overplotted the corresponding linear fits on the corre- 
sponding unsigned magnetic flux of these two events. We ob- 
tained the magnetic cancellation rates from the linear fit as 
1.9 x 10 14 Mx/s (positive polarity) and 6.5 x 10 14 Mx/s (neg- 
ative polarity) for the bright point, and 3.0 x 10 14 Mx/s (positive 
polarity) and 7.9 x 10 14 Mx/s (negative polarity) for the X-ray jet. 
The flux cancellation rate of the positive polarity of the X-ray jet 
is about 60% higher than that of the bright point. The magnetic 
flux cancellation rate of the negative polarities (dominant one in 
this CH) of the X-ray jet is only 20% higher with respect to the 
BP. 

As discussed previously, all brightening events are associ- 
ated with magnetic cancellation. We presume that reconnection 
of higher loops has produced short loops which consequently 
submerged and this is possibly what we see at photospheric level 
as magnetic flux cancellation. We can only speculate that the 
higher rate of magnetic cancellation during the jet is a signature 
of a bursty physical process, e.g. magnetic reconnection, and the 
X-ray jet formation is the signature of this process. The jet obser- 
vation presented here is a single but very good example (unique 
concerning data cadence and resolution) of magnetic field evo- 
lution of an X-ray jet, however, drawing conclusions how all jets 
exactly evolve will be premature. 



3.3. X-ray intensity variations and magnetic field evolution of 
brightening events in the quiet Sun 

Events in the quiet- Sun regions studied in the present study are 
similar to those in the coronal holes, e.g. they are all associated 
with bipolar regions, magnetic cancellation is found to correlate 
with their behaviour in X-rays. From six events, three emerged 
before the beginning of the observations, and three emerged dur- 
ing the observing periods but their related bipolar regions can be 
tracked from the start of the dataset. In the quiet- Sun region mag- 
netic elements seed the whole region very densely and by mov- 
ing frequently interact with each other in comparison to coro- 
nal holes. However, for the brightening events, a stable group 
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of polarities is still found in three events. Brightening events in 
the quiet- Sun region also show fluctuation in their X-ray emis- 
sion, and repeated magnetic cancellation is found to be associ- 
ated with it. We presently studied only six events in the quiet- Sun 
regions. Due to the small sample, we can not make any general 
conclusion on quiet-Sun events. Observations of SDO/AIA/HMI 
and forthcoming IRIS will provide an opportunity to include this 
subject in future study. 



4. Discussion and conclusion 

It is well known already for several decades that coronal holes 
form in unipolar photo spheric magnetic fields. Thanks to the 
high-resolution longitudinal magnetic field observations pro- 
vided by SOT/Hinode, we were able to follow the magnetic 
field evolution of quiet- Sun and coronal-hole regions at high ca- 
dence and small scale. We investigated the role of small-scale 
transients in the evolution of the magnetic field in an equato- 
rial coronal hole. We used the magnetic feature tracking proce- 
dure SWAMIS to follow magnetic element emergence, move- 
ment, mergence, coalescence, cancellation etc. In addition, a 
visual analysis of each individual phenomenon simultaneously 
recorded by XRT and SOT was carried out. 

We found that in the coronal hole the number of magnetic 
elements of the dominant polarity (in the present case, this is the 
negative polarity) is four times higher than the non-dominant 
one. The magnetic field concentrations in the coronal hole reach 
600 Mx cm -2 with respect to the quiet Sun where no concen- 
trations with a field strength of more than 400 Mx cm -2 were 
detected. Ito et al. (2010) found more kilo-Gauss magnetic field 
concentrations in a polar coronal hole than in the quiet Sun. They 
explained the difference in the strength of the magnetic field of 
the two regions by the higher chance of collision, reconnection, 
magnetic energy loss and submergence of positive and negative 
elements in the quiet Sun which would easily weaken the field 
strength. We believe that additional factors such as a different 
magnetic field diffusion and transportation in comparison to the 
quiet Sun as well as sub-photospheric processes may play a very 
important role. This will be a subject for future study. 

Zhang et al. (2006) analysed the magnetic flux distribution 
in a small coronal hole using high signal-to-noise level (2 G) 
magnetic observations from BBSO. They concluded that if one 
polarity dominates the network field, the opposite one will dom- 
inate the intranetwork field (i.e. weak field). In this study, we 
also found that the dominant polarity in the coronal hole forms 
large concentrations of magnetic field while the opposite polarity 
is mostly dispersed in the form of weaker field concentrations. 
The magnetic flux distribution in the intranetwork region is not 
conclusive because its nature of weak field is a big challenge 
to the sensitivity and signal-to-noise of the instruments. We no- 
ticed that the supergranulation configuration appear to have pre- 
served its general shape during approximately nine hours of ob- 
servations though the large concentrations in the network (the 
dominant polarity which sustains the coronal hole open mag- 
netic field) did evolve and/or were slightly displaced, and their 
strength either increased or decreased. All changes were caused 
by the interaction of the network field (mostly the dominant po- 
larity) with the emerging opposite polarity magnetic field. We 
observe in 19 of 22 events in the coronal hole a single stable 
polarity which in eleven cases is the dominant polarity. That 
strongly suggests that the formation of small-scale transients is 
due to the interaction of pre-existing (often long-lived) magnetic 
flux with newly emerging opposite polarity flux. 



Our results show that all brightening events are associated 
with bipolar regions. A bipolar region is not formed by only 
two simple opposite magnetic polarities but each polarity is or- 
ganised in many magnetic elements. From KPNO observations, 
Golub et al. (1977) found that bipolar regions did not exist in 
newly emerged and decayed X-ray bright points. Here, some of 
the studied events were followed from their emergence, through 
their entire lifetime until their full disappearance. Bipolar re- 
gions were found in the footpoints of the events before the event 
appearance at X-rays and were still present (although weak) af- 
ter the decay of the feature in X-rays. This shows that transient 
brightenings can maintain high temperature plasma only during 
part of their lifetime. During the emerging and decaying stages 
of X-ray bright points, the magnetic flux was found to be rela- 
tively weak which is possibly the reason for it not to have been 
detected in the KPNO observations of Golub et al. (1977). 

Thanks to the open magnetic flux in coronal holes, plasma at 
high speed, temperature and density is ejected to far away dis- 
tances as a result of magnetic reconnection forming X-ray/EUV 
jets (see paper III for more discussion). In the present study, the 
magnetic flux evolution associated with an X-ray jet was pre- 
sented in unprecedented detail. Similar to X-ray bright points, 
magnetic cancellation was observed during the eruption. In com- 
parison to a bright point, however, the rate of magnetic cancella- 
tion occurring in the footpoints of the X-ray jet was twice higher. 
Shimojo et al. (1998) analysed the magnetic flux evolution of 25 
X-ray jets observed by the Soft X-ray telescope onboard Yohkoh 
using full-disk KPNO longitudinal magnetograms. They found 
that 72% of the jets occurred in mixed polarity region. We be- 
lieve that all brightening events including jets are due to the 
interaction of bipolar regions. It should be noted that the SOT 
observations have higher sensitivity and more than ten times 
higher spatial resolution with respect to the KPNO data. That al- 
lowed us to detect much smaller and weaker magnetic flux and as 
noted earlier, weak magnetic fields are often responsible for the 
formation of various small-scale transients. More studies based 
on high-resolution observations of X-ray jet magnetic fields are 
needed to fully understand their formation patterns. 

Following reconnection, the newly formed smaller loops 
could eventually submerge which is observed as cancellation 
of magnetic dipoles (Harvey et al. 1999). Much more magnetic 
cancellation sites than X-ray brightening events were observed 
in the present paper, i.e. not all magnetic cancellations relate to 
X-ray brightenings. This result is in agreement with Golub et al. 
(1977), who found that not all active magnetic regions (namely 
ephemeral active regions) coincide with X-ray bright points. In 
order to observe brightening in X-rays, plasma has to be heated 
to X-ray temperatures, which means that only reconnection sites 
which release sufficient energy can have an X-ray response. 

In paper III, we have found that transient brightening 
events have a response over a wide temperature range from 
the chromosphere to the corona. This result, however, was 
obtained using spectroscopic EIS and SUMER slit observa- 
tions, which means that we had a very limited view and ca- 
dence to investigate how cancellation of magnetic flux with 
different strength is related to chromo spheric, transition region 
or/and coronal emission. The multi-wavelength observations 
from AIA (The Atmospheric Imaging Assembly, Lemen et al. 
2012) and HMI (The Helioseismic and Magnetic Imager, 
Scherrer et al. 2012) on board SDO (The Solar Dynamics 
Observatory, Pesnell et al. 2012) provide an unique opportu- 
nity to further investigate this. We should be able to find ob- 
servational signatures on what is the relation between photo- 
spheric magnetic flux cancellation and magnetic reconnection, 
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and whether magnetic cancellation (submergence or other pro- 
cesses) is always related to energy release into the solar atmo- 
sphere. 

Fisk (2005) modelled the transport of open magnetic fields 
in the Sun. He suggested that the coronal holes are formed be- 
cause of a local minimum of dipolar magnetic flux emergence. 
This idea was later supported from analysing observations from 
SOHO/MDl (Abramenko et al. 2006) and BBSO (Zhang et al. 
2006), where they found dipolar flux emergence rates in coronal 
holes lower than in quiet- Sun regions. Our study demonstrates 
that the magnetic flux in coronal holes is continuously 'recycled' 
through magnetic reconnection which is responsible for the for- 
mation of numerous small-scale transient events. The open mag- 
netic flux forming the coronal-hole phenomenon is largely in- 
volved in these transient features. The question on whether this 
open flux is transported as a result of the formation and evolution 
of these transient events, however, still remains open. Additional 
analysis is needed comprising of field extrapolations from high- 
cadence and high resolution magnetic field observations, to- 
gether with MHD modelling of magnetic reconnection at coronal 
holes boundaries and comparison with high-resolution imaging 
and spectroscopic information. Data from AIA and HMI on SDO 
may be a suitable first step towards such an analysis. 
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Table .1. A timeline on the X-ray and magnetic field evolution of a CH BP (marked as No. 1 event in Fig. 1) on 2007 Nov. 9. 



Time (UT) 


X-ray BP behaviour 


Magnetic fragment behaviour 


Notes 


06:38 


the BP is already present 


A simple bipolar region 


Beginning of the dataset 


06:45 


BP reaches an intensity peak 


A positive fragment moves towards a negative 
fragment and magnetic cancellation takes place 




06:57 


BP becomes weaker 


The cancelling positive fragment 
disappears 


This scenario repeats 
around every 25 minutes on average. The 
fluctuation always relates to magnetic 
cancellation and the cancellation site is 
always near to major positive polarities, 
but sometimes only negative fragments 
move to the site and at other times both 
polarities move and join together. 


07:52 




Negative fragments start to 
emerge at about 10" away 
from the positive ones, then 
start moving towards the positive 
polarities. 




08:22 


A small BP emerges at the 
west side. 


A few weak negative fragments emerge west 
of the domain positive fragments 
and cancellation occurs between these 
two polarities. 




08:43 


The small BP disappears. 


One positive fragment at the west part 
disappeared after cancellation with newly 
emerging negative fragments. 




09:45 


The main BP reaches its second 


The emerged negative fragments at 07:52 move 


A few negative fragments disappear after 




highest intensity peak. 


closer to positive polarities and cancellation occurs. 


this time and that leads to 
the BP fading again 


10:10 


The main BP reaches its 


The rest of the emerged negative fragments keep 


Again it fades after the disappearance of a 




highest intensity peak. 


moving towards the positive polarities and cancel. 


few negative fragments, however existing 
negative fragments keep cancelling and 
totally disappear at 11:25 UT creating 
a few peaks in the lightcurve of the BP. 


10:36 


A new BP emerges southwest 


Another negative polarity to the southwest 


Cancellation and disappearance of this 




of the main one. 


move towards the positive polarities. 


group of negative polarities take control 
of the behaviour of the new born BP. 


12:31 


BP is almost fully gone. 


Both positive polarities and the southwest 
negative polarities move towards each other, 
however, no cancellation was visible. 


The main BP is very weak but still visible 
When some other negative fragments 
move closer to the positive fragments, 



the BP flames up again until the end of the 
dataset, the positive polarities still 
exist, and the BP repeats its intensity 
fluctuation. 
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Fig. .1. An animation showing evolution of CH event No. 1 on 2007 November 9 (Figs. 6, and 7). The top panel is the X-ray 
lightcurve; the middle panel is the lightcurves of positive (left) and negative (right) longitudinal magnetic flux; the bottom panel 
shows the evolution of the event seen in X-ray images (left) and SOT FG longitudinal magnetograms (right). The time axis in 
the lightcurve plots is showen in UT. During the animation, the dashed line in the lightcurve indicates the given time of the X- 
ray image and longitudinal magnetogram (bottom panel). Solid lines in the magnetograms outline the region where the magnetic 
flux lightcurves were extracted. Symbols indicate magnetic elements tracked by SWAMIS. Asterisks are elements first detected at 
the given time. Cross symbols indicate magnetic elements tracked from the past. Square symbols indicate magnetic elements first 
detected and defined by SWAMIS as flux emergence. (Please note that in this figure only asterisks are showed because it is the first 
frame of the observation, and other symbols will present through the animation.) 
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Fig. .2. As Fig. A.l, but for CH brightening event No. 2 on 2007 November 12 (Figs. 9, and 10). 



Huang Z. et al.: Coronal hole boundaries at small scales: IV, Online Material p 4 



7> 

| 5> 
m 4> 
3> 



X-ray flux 



500 




08:00 10:00 12:00 14:00 

Start Time (09-Nov-07 06:35:04) 



Positive B flux 



Negative B flux 




08:00 10:00 12:00 14:00 

Start Time (09-Nov-07 06:35:04) 



08:00 10:00 12:00 14:00 

Start Time (09-Nov-07 06:35:04) 



XRT 9-Nov-2007 06:35:29 UT 



-140 - 



-450 -440 -430 -420 
X (arcsecs) 



SOT FG B field 9-Nov-2007 06:08:10 UT 



-140 



-1 60 



-180 



-200 




-450 -440 -430 -420 
X (arcsec) 



Fig. .3. As Fig. A.l, but for the CH X-ray jet, No. 3 on 2007 November 9 (Figs. 13, and 14). 



